In vivo, the enzyme 11β-hydroxysteroid dehydrogenase type 2 influences ligand access to the mineralocorticoid receptor. Ablation of the encoding gene, HSD11B2, causes the hypertensive syndrome of Apparent Mineralocorticoid Excess. Studies in humans and experimental animals have linked reduced 11β-hydroxysteroid dehydrogenase type 2 activity and salt-sensitivity of blood pressure. In the present study, renal mechanisms underpinning salt-sensitivity were investigated in Hsd11b2 +/− mice fed low, standard and high sodium diets.
Introduction
Hypertension remains a significant public health burden worldwide, being a major risk factor for cardiovascular mortality and chronic kidney disease 1 . Although specific causes of hypertension are often difficult to resolve, salt-sensitivity of blood pressure (BP) is a contributory mechanism in a number of patient subgroups 2 . Salt-sensitivity is also an independent risk factor for adverse cardiovascular events in normotensive individuals 3 and is a negative prognostic indicator for clinical progression towards hypertension, microalbuminuria, and endothelial dysfunction 4 . The underlying mechanisms of saltsensitivity are not well defined but subclinical renal impairment reducing the natriuretic efficiency of the kidney may be contributory. Abnormal modulation of the reninangiotensin-aldosterone system (RAAS) by dietary salt has been linked to salt-sensitivity and cardio-renal damage in both patients 5 and in experimental models 6 . Mineralocorticoid receptor (MR) blockade is cardio-protective, even when aldosterone levels are low or normal 7 , and pathophysiological activation of MR by alternative ligands has been found in rodent models of salt-sensitive hypertension 8, 9 .
Cross-talk at the receptor level between the RAAS and hypothalamic-pituitary-adrenal (HPA) axis is normally prevented by 11β-hydroxysteroid dehydrogenase type 2 (11βHSD2). This enzyme protects MR directly by restricting the local availability of active glucocorticoids 10 , and may also confer indirect protection by locking glucocorticoidoccupied MR in a transcriptionally inactive state 11 . Null mutations in the encoding gene (HSD11B2) cause the syndrome of Apparent Mineralocorticoid Excess (AME; OMIM +218030); an autosomal recessive disorder presenting with hypertension, severe hypokalaemia and low aldosterone. Hsd11b2 null (Hsd11b2 −/− ) mice have a similar phenotype to AME patients: unregulated activation of MR by glucocorticoids appears to be causative 12 and hypertension is associated with transient activation of the epithelial sodium channel (ENaC) in the aldosterone sensitive distal nephron (ASDN) 13 .
A type 2 variant of AME (OMIM 207765) presents in adults as essential hypertension with mild abnormalities in steroid metabolism 14, 15 . With a strong correlation between the severity of the AME phenotype and the underlying HSD11B2 mutation 14 , HSD11B2 is an attractive candidate gene for salt-sensitivity. Indeed, HSD11B2 polymorphisms associated with either raised BP per se or salt-sensitivity of BP have been found in several populations [16] [17] [18] [19] , although not all studies report a positive correlation 20, 21 .
We recently demonstrated a causal link between 11βHSD2 activity and salt-sensitivity in Hsd11b2 heterozygote null (Hsd11b2 +/− ) mice 22 . These mice were found to have saltsensitive BP and electrolyte abnormalities consistent with mineralocorticoid excess. AME is classically considered a renal disease and we have therefore analyzed renal sodium handling in Hsd11b2 +/− mice. We find that sodium excretion is abnormally modulated by dietary salt in these mice, dependent upon a dysregulation of ENaC. Our studies also point towards a major role for the glucocorticoid receptor (GR), and not the MR, in the salt-sensitive phenotype.
Methods
Experiments on age-matched cohorts of Hsd11b2 +/+ and Hsd11b2 +/− mice were performed under a UK Home Office Licence, following ethical review by the University.
Renal Clearance
Renal function and BP was measured in anesthetized Hsd11b2 +/− and Hsd11b2 +/+ mice, maintained on either a low (LS; 0.03%; n=7/8), standard (SS; 0.25%; n=8/8) or high sodium (HS; 2.5%; n=11/9) diet. After baseline measurements, amiloride (2 mg/kg; IV) was injected to measure ENaC activity. (online Data Supplement, http://hyper.ahajournals.org).
Chronic Inhibitor Administration
Renal function was measured mice maintained on a HS diet, receiving one of three cotreatments: spironolactone (n=6/8), RU486 (n= 9/10) or benzamil (n=7/6).
Sodium Balance in Conscious Mice
Mice were housed continuously in metabolic cages. Cumulative sodium balance was measured over cycles of 3 days. Mice were first fed SS diet, after which benzamil or vehicle was administered. After another balance period, HS diet was given for 3 days, this being the period of sodium retention 22. Quantitative PCR mRNA abundance was measured using a Universal Probe Library kit (Roche, UK) and primers designed for the following targets: nr3c1, nr3c2, scnn1a, scnn1b and sgk1. (See Table S1 )
Statistics
All data are presented as means ± standard error. Statistical comparisons were made using Prism 5 (GraphPad Software, USA).
Results
Salt-sensitive BP and renal hemodynamics in Hsd11b2 +/− mice BP was measured in groups of Hsd11b2 +/+ and Hsd11b2 +/− mice maintained on LS, SS or HS diet. On LS and HS diet, BP was comparable between genotypes. HS diet caused a significant increase in BP in Hsd11b2 +/− mice ( Figure 1A ). Overall, there was a significant correlation between MABP and dietary sodium content in Hsd11b2 +/− mice (Pearson r= 0.67; P<0.001); no such relationship was observed in Hsd11b2 +/+ mice. Glomerular filtration rate (GFR) was higher in Hsd11b2 +/− mice than controls but there was no relationship between this and dietary salt ( Figure 1B ). Renal blood flow (RBF) was higher in Hsd11b2 +/− mice than Hsd11b2 +/+ on LS and SS diets ( Figure 1C ). Dietary salt loading decreased RBF in Hsd11b2 +/− mice: filtration fraction (FF) and renal vascular resistance (RVR) were both significantly elevated (Table 1) .
Hsd11b2 +/− mice have impaired fractional sodium excretion
Sodium excretion was lower in Hsd11b2 +/− mice than wild-types on both SS and HS diets (Table 1 ) and fractional sodium excretion (FE Na ) was calculated to assess tubular function. In Hsd11b2 +/+ mice, there was an appropriate increase in FE Na with increasing dietary sodium ( Figure 2A . Pearson r= 0.67; P<0.01). This relationship was blunted in Hsd11b2 +/− mice and on SS or HS diet, FE Na was significantly lower than in Hsd11b2 +/+ mice (P<0.01). Although Hsd11b2 +/− mice were not able to adapt their renal sodium excretion to their dietary sodium load as effectively as Hsd11b2 +/+ mice, plasma sodium concentration was not affected (Table 1) .
Potassium excretion was elevated in Hsd11b2 +/− mice, but only on a SS diet (Table 1) and fractional potassium excretion (FE K ) was comparable across all dietary regimens ( Figure  2B ).
Amiloride-sensitive sodium reabsorption in Hsd11b2 +/− mice
The natriuretic effect of amiloride (Δamiloride Na ) was used to quantify ENaC-mediated sodium reabsorption. In Hsd11b2 +/+ mice ( Figure 2C ), there was an inverse relationship between dietary sodium content and Δamiloride Na (Pearson r=−0.74, P<0.001), consistent with down-regulation of functional ENaC following increased sodium intake.
In Hsd11b2 +/− mice, the inverse relationship was blunted (Pearson r=−0.42; P<0.05). Critically, amiloride evoked a significant natriuresis on HS diet, suggesting that Hsd11b2 +/− mice fail to regulate their ENaC activity appropriately in relation to sodium intake. This does not reflect altered gene transcription: mRNA abundance for ENaC subunits was not different between genotypes. Sgk1 expression was increased, which would promote ENaC retention in the apical membrane (see Figure S1 ) and maintain an electrophysiological driving force for potassium secretion via ROMK. Indeed, despite hypokalemia, the potassium sparing effect of amiloride was sustained ( Figure 2D ) in Hsd11b2 +/− mice on HS diet, whereas wild-type mice maintain potassium homeostasis through processes independent of ENaC activity.
The effect of the specific ENaC antagonist, benzamil, on sodium balance was assessed in conscious mice. In untreated Hsd11b2 +/− mice, the transition to HS diet caused a positive sodium balance (Hsd11b2 +/− =104±15 versus Hsd11b2 +/+ = −6.9±30.5 μmoles, P<0.05). In benzamil-treated mice, sodium balance remained neutral during this transition (Hsd11b2 +/− =28.87±68 versus Hsd11b2 +/+ = 17.46±2.9 μmoles, NS).
Role of GR and MR
In the current study, increased sodium intake reduced aldosterone in both genotypes (Table  1) . Nevertheless, Hsd11b2 +/− mice had significantly lower levels than Hsd11b2 +/+ mice suggesting tonic suppression of the RAAS. It is therefore unlikely that aldosterone excess is responsible for the increased ENaC activity observed in Hsd11b2 +/− mice.
Corticosterone was similar between genotypes on LS and SS diets (Table 1) but was elevated in Hsd11b2 +/− mice on HS diet. To militate against confounding effects of anesthesia, corticosterone was measured in unrestrained conscious mice before and after HS feeding. The sodium-induced increase in corticosterone was confirmed in the PM measurement, prior to the active phase: AM corticosterone was not different between genotypes. (Figure S2 ).
Since activation of MR and/or GR by glucocorticoids was likely to be causative to the saltinduced phenotype, the renal expression of both was measured: MR expression was similar in both genotypes but GR expression was higher in Hsd11b2 +/− mice (See Figure S3) . To resolve the mechanisms for salt-sensitivity, Hsd11b2 +/+ and Hsd11b2 +/− mice on a HS diet were treated chronically with i) the ENaC blocker benzamil, ii) the MR antagonist spironolactone, or iii) the GR antagonist RU486. The salt-sensitive phenotype was ameliorated by either benzamil or RU486 treatment, but not by spironolactone treatment ( Figure 3A) . The sodium-induced reduction in RBF was also ameliorated by benzamil treatment, and RBF was actually increased by RU486 treatment ( Figure 3B ). Spironolactone did not improve FE Na ( Figure 3C ) and Δamiloride Na remained high. In contrast, both benzamil and RU486 treatment restored FE Na in Hsd11b2 +/− mice to Hsd11b2 +/+ levels and abolished genotype differences in Δamiloride Na ( Figure 3D ).
Discussion
In Hsd11b2 +/− mice BP is directly influenced by dietary sodium intake. This strong saltsensitivity of BP was not observed on the parental C57BL/6J background, and thus the HSD11B2 locus is a plausible candidate gene for salt-sensitivity in humans. As gene defects associated with monogenic BP disorders affect the renal handling of sodium 23 , we hypothesized that salt-sensitivity in Hsd11b2 +/− mice may also reflect abnormal renal function. Data obtained across a regimen encompassing dietary sodium restriction and sodium loading supported this hypothesis, indicating that abnormal renal sodium homeostasis is driven by activation of GR, and not MR, in this model.
Renal sodium handling is the major determinate of long-term BP control and Hsd11b2 +/− mice had lower FE Na than Hsd11b2 +/+ . Elevated tubular reabsorption is likely to be the major factor for impaired natriuresis and salt-sensitive BP in Hsd11b2 +/− mice. Since 11βHSD2 governs ligand access to MR in vivo, we focused on the classical MR target, ENaC 24 . Hsd11b2 +/− mice failed to down-regulate amiloride-sensitive sodium reabsorption with increasing dietary sodium, and impaired natriuresis therefore reflects an inability to regulate ENaC activity appropriately for sodium intake. We recognize that amiloride can also inhibit other sodium transport proteins, notably the sodium-hydrogen exchanger 3 (NHE3) in the proximal tubule 25 . Two lines of evidence argue against a major role of NHE3 here. Firstly, the potassium-sparing effect of amiloride localizes the natriuretic effect to the ASDN 26 . Secondly, chronic administration of the selective amiloride analogue benzamil attenuated the salt-sensitive phenotype. Our data plausibly suggest that dysregulated ENaC activity is a key mechanism for salt-sensitivity in this model. This effect is not underpinned by increased transcription of the rate-limiting αENaC subunit. The higher abundance of sgk1 in salt-loaded heterozygote mice indicates that the dominant effect is to sustain the channel assembly in the apical membrane of the principal cell 24 .
Control by MR of ENaC and its regulatory proteins is well documented 24 . In the current study, the physiological ligand aldosterone was appropriately modulated by dietary sodium in both groups of mice. However, there was a tonic suppression of the RAAS in Hsd11b2 +/− mice across all dietary regimens, consistent with MR activation by glucocorticoids following reduced 11βHSD2. To investigate the contribution of MR, mice fed HS diet were chronically treated with spironolactone. MR antagonism caused a small reduction in BP in both groups of mice, but the pressure differential between the genotypes persisted, as we have previously reported 22 . Critically, spironolactone treatment did not normalize ENaCmediated sodium reabsorption in Hsd11b2 +/− mice. The lack of sensitivity to spironolactone may reflect the increased abundance of GR, relative to MR and it is possible that a higher dose would uncover an MR-mediated effect. Nevertheless, the current dose was previously found to be effective against similar concentrations of glucocorticoid 8 and although spironolactone treatment can improve both the hypertension and hypokalemia observed in AME 27 , it is of variable benefit in long term treatment 28 .
We found that chronic GR blockade normalized ENaC activity and increased RBF. RU486 also prevented the salt-induced rise in BP, consistent with our previous findings 22 . Quantitatively, the effect of RU486 was similar to that of chronic benzamil administration. Together, these data indicate that the cluster of ENaC-related phenotypes in the Hsd11b2 +/− mice are mediated via GR, not MR. Regulation of ENaC by GR-dependent pathways has been documented in renal cell lines 29, 30 , in dexamethasone-treated adrenalectomised rats 31 and in a mouse model of Cushing syndrome 8 . A recent study immunolocalized both MR and GR to 11βHSD2-expressing cells in the rat ASDN, demonstrating that physiological variations in circulating aldosterone regulated the translocation of GR and not MR between the nucleus and the cytoplasm 32 . This challenges the conventional view of ASDN regulation by corticosteroids, but is consistent with our data and suggests a mechanism for saltsensitivity in this model.
The infusion of the dexamethasone can increase the abundance of renal αENaC mRNA and protein expression. This does not automatically equate to an increased physiological activity for ENaC 33 and in Hsd11b2 +/− mice, ENaC transcription was comparable to controls. Additional ENaC regulatory pathways may be critical, and our data in Hsd11b2 +/− mice, as well as other models 4 , suggests that dietary salt and/or activation of the HPA axis plays an important role. A realistic point of convergence under these circumstances may be WNK4, which exerts a negative regulatory effect upon ENaC activity 34 . WNK4 is physiologically regulated by dietary sodium status 35 , and by glucocorticoids via a negative GRE in the promotor region of the gene 36 . In addition, β2-receptor activation has been demonstrated to induce salt-sensitive hypertension in mice due to GR-mediated inhibition of WNK4 expression 37 . Conversely, Cre-lox technology has suggested that GR expression in the ASDN is not critical to dexamethasone-induced hypertension when salt intake is normal 38 . However, mice lacking GR in the ASDN had elevated BP prior to dexamethasone treatment and the effect of a HS diet was not assessed in this study.
HS diet also increased RVR in Hsd11b2 +/− mice, which would reduce natriuretic capacity, particularly if the medullary vasa recta were constricted. 11βHSD2 is expressed in both arteriole smooth muscle 39 and the vascular endothelium 40 . On a mixed MF1 background, Hsd11b2 −/− mice had endothelial dysfunction and enhanced vasoconstriction to norepinephrine 41 . This may relate to the genetic background; vascular function was normal on a congenic C57Bl/6J strain 13 . Nevertheless, we cannot discount a vascular component of salt-sensitive BP in Hsd11b2 +/− mice. ENaC in the vascular endothelium is stimulated by aldosterone excess and high sodium 42 and this is associated with reduced nitric oxide release 43 . Notably, in Hsd11b2 +/− mice, chronic ENaC blockade prevented the salt-induced increase in RVR.
Perspectives
Failure to regulate ENaC activity with sodium status underpins salt-sensitivity in Hsd11b2 +/− mice. This is a GR, rather than MR-mediated phenotype. HS feeding increased corticosterone in Hsd11b2 +/− mice and it is notable that salt-sensitive individuals display both an enhanced stress-induced activation of the HPA axis 44 and attenuated glucocorticoid clearance 45 . Since renal enzyme activity is not influenced by dietary sodium in Hsd11b2 +/− mice 22 , impaired peripheral metabolism cannot fully explain this phenomenon and we suggest that dietary salt activates the HPA axis. Indeed, 11βHSD2 is also expressed in cardiovascular control centers of the brain influencing sympathetic outflow 46 . Central mechanisms are therefore likely to contribute to salt-sensitive BP, at least in the stable phase when sodium balance is restored.
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